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Abstract ressesfrom ignition to steady state.

Requirements to reduce pollutantemissions Background
from gas turbines used in aircraftpropulsionand
ground-based power generationhave led to con- Nitrogenoxides(NO,) are seriouscontributors
sideration of lean premixed/prevaporized (LPP) to air pollution, and considerableengineering effort
combustion concepts. This paper describes a se- is being expended to reduce their emission from
ries of the LPP combustor analysesperformed with gasturbine combustors used in aircraft propulsion
KIVA-II, a multi-dimensional CFD code for problems and ground-based power generation. This has led
involving sprays, turbulence,and combustion.Mod- to a growing interest in lean combustion,as NO,
ificationsto KIVA-II'sboundaryconditionandchem- formationis reducedsubstaniallyat lowerequiva-
istr_,treatmentshave beenmade to meetthe needs lenceratios.An LPP system(Fig. 1A) further limits
of the presentstudy The studyexaminesthe rela- emissionsbyseparatingthe fuelvaporizationand
tionshipsbetweenfuel vaporization,fuel/airmixing, fuel/airmixingprocessesfromthe final combustion
and combustionin a generic LPP combustor.Pa- processto eliminatenon-uniformitiesinthe fuel/air
rametersconsideredinclude:mixertube diameter, mixture,thuseliminatinghot spotswhere high lev-
mixertubelength,m_xertubeconfiguration(straight elsof NO, are formed. Unfortunately,lean combus-
versusconverging/divergingtubes),air inletveloc- tion devices have some drawbacks, particularly
ity, airinletswirl angle,secondaryair inject;on(dilu- withregardsto flame stability
tionholes), fuel injectionvelocity,fuel injectionan- Numerical analyses of a generic LPP com-
gle, numberof fuel injectionports,fuel spraycone bustorare beingconductedto examinethe role of
angle, and fuel dropletsize. Cases have been run geometryand variousinflowparameterson fuel/air
with and without combustionto examine the vari- uniformityand flame stability.The calculations in
ations in fuel/air mixing and potential for flashback this study utilize a simple cylindrical configuration
due to the above parameters.The degreeof fuel/air (Fig. 1B) consistingof a stralgt_ttube wIth a "hypo-
mixing is judged by comparing average, minimum, dermic needle" fuel mjector In this tube, the fuel
and maximum fuel/air ratios at the exit of the mixer (Jet-A)=smtroducecl,vaporized, and combinedw_th
tube, while flame stability is monitored by following the inlet azr.The fuellatr m_xturefs then dumped
the location of the flame front as the solution prog- into a larger cylinder where the combushon takes

place

Thispaper tsdeclared a work of the US. Gov- Numerical Method
ernmentand is not subjectto copyr=gntprotection
inthe UnitedStates. Thecalculationsare performedwith KIVA-II. a

* Supervisor, Combustionand Icing Section. CFD programdevelopedoriginallyto studythe in-
SeniorMember AIAA cylindercombustiondynamicsof internalcombus-

1"Aerospace Engineer.MemberAIAA tionengines.However,becausethe codecan treat
:1:StaffMember, Group T-3. Member AIAA problemscombiningsprays, turbulence,and corn-
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bustion, it can be employed in the analysis of gas To test some geometryvariables and inlet con-
turbine combustors as well.2_4 ditions,modificationshave to be made to the base-

KIVA-II describes fuel sprays with a stochastic linegrid. For cases involving converging/diverging
model applied to discrete computational particles mixer tuloes,radial cell spacing m successive K-
representing collections of droplets with identical planes (I, J, and K grid md_c.escorrespond to r, 6.
physical properties (size, temperature, velocity, and z direcbons in cylindrical coordinates) are hn-
etc.).These particles interact with the surrounding early varied to produce the des0reaventun geom-
fluid, exchanging rnass,momentum, and energy as etry. Casesinvolving inlet air swirl require full 360°
the droplets travel downstream and evaporate.The grids,sincethe symmetry plane is lost.

, spraymodel also incorporatessub-modelsfor drop- To studythe flowblockageassociatedwith the
let collisions, turbulent dispersion, and aerody- fuel injectiontube, an externallygenerated grid is
namicbreakup. In practice,it has been found that employedthat explicitlymodelsthe tube (Fig.2C).
the collisionand breakupsub-modelsare too effi- To reduce grid effects and return to the mesh
cient, rapidly skewing droplet distributionsto the neededto representthe downstreamdilutionholes,
smallersizes in an unrealisticfashion.As a result, the cell spacing in successive K-planes down-
thesetwo modelsare not used in this seriesof cal- streamof the injectiontube _sslowlyreturned to the
culations, umform baseline distribution.

To characterize turbulence within the flowfield, For all cases examined, the air inlet temper-
KIVA-II employs a standard k-¢ model with wall ature and pressure are 1100° F and 11.5 aim, re-
functions, spectively.For the baselinecase. the total air mass

KIVA-II can accept an arbitrary reactionset and flow rate is 0.161 Ibm/see,with 88.5% of the flow
incorporatesa quasi-equilibrium option to split fast entering-throughthe base of the mixer tube and the
and slowreactions between equilibrium and finite- remainder split equally amongstthe dilution holes
rate kinetics, respectively. However, as originally ringing the tube near its downstreamexit. The over-
released, KIVA-II is limited to laminar kinetics. For all fuel/_,ir ratio is 0.033. The fuel is injected at a
this study, the mixing-controlled combustion model velocity of 52.7 fps, with a droplet SMD of 20 pm
of Magnussen and Hjertager has been added to and a spray cone angle of 20°.
portraythecombustion/turbulenceinteraction.This
model is used in conjunctionwith the simplified Analysis
reactionschemedevelopedbyYingandNguyento
describethe combustionchemistry,s6 To quantify the degree of mixing, three exit

Owing to its origins, KIVA-Irs abilityto treat planefuel/airratioswillbereported:minimum,max-
some of the geometries to be examined in this imum, and average. The first two are simply the
study is also limited.To rectifythis, the program's minimumand maximumvalues found amongstthe
boundary conditiontreatmenthas been revisedto gridcellslocatedat theexit planeof the mixertube,
allow incorporationof dilution jets, non-vertical whiletheaveragevalue isa spatial or cell average
walls,andinflow/outflowboundaryplaneswithmix- acrossthe exit plane. ]he spatialaverage is more
tures of openand closedgridcells, revealingthan the mass averagewould be, sance

the latter willjust equal the overall fuel/air ratio, a
Grids and Boundary Conditions constantonthese calculations.On the other hand.

the spatialaveragewill varywith the d_stnbuttonof
A variety of grids are usedinthisstudy,almost fuel vaporacrossthe exstplane owing to the van-

all generatedbyusingKIVA-Irs internalgri0 gener- ationincelldensity. If the fuel =sconcentratednear
ationroutines.The gridforthe baselinecase (Figs. the center of the tube (RegionA m Fig. 2D). the
2A and 2B) is a uniformcylindricalmesh Due to average will be relatively h0gh,since there 0sa
symmetry, only a 180° half-cylinder is needed, greater cell density near the tube's center. How-
leading to a 27xlgx205 mesh in cases when the ever, if thereis more fuel near the wall (RegionB).
dump section is included and a 1lx19x151 mesh the averagewill be relatively low, dueto the lower
when only the mixer tube is used. Cell spacing is cell density near the wall
chosen, in part, such that the diluhonholes near the In all cases, the three reported fuel/a0r ratios
mixer tube exit can be approximated by 2x2 clus- are averages over a number of cycles, typically
ters of cells. The rectangle formed by these cells 1,000, to account for tt_e random changes in the
has 93% of the area and 93% of the width of the fuel/air rabo at the exmtplane due to the stochastic
original circular dilution hole. spray model _",mcethe d_stnbutionof dropletsintro-

.... " ....... 1996114447-TSA05



duced by the spray model varies as a random vari- Perhaps surprisingly, droplet size has httle ef-
able, the fuel/air distribution also varies over time. fect on mixing, at least over the ranges of sizes
Thus, to obtain representative values for the fuel/air considered here (Fig. 6). However, the fuel droplet
ratio, time averaging is required, population results may point to increased uniformity

at smaller droplet sizes, since it appears that vapor-
R_sulte ization is becomingso fast that impingementwith

the wall may be avoided altogether. Of course,
To date, 39 analyses have been completed suchsmallersizesmay notbephysicallyreahzable

(Table 1),examiningtheeffectsof a varietyof para- These lasttwoseriesof calculationspointtoan
metersonfuel/airmixingand, to a lesserextent,on unexpectedadvantageofnumericalanalysis.Given
combustionin the generic LPP combustor, the structureof KIVA-II, it is possibleto vary inde-

pendentlyparametersthat, in reality, are closely
__ Fuel Injection Tube coupled,e.g., fuel injectionvelocityand fuel droplet

SMD. This permitsseparate evaluationsof these
In mostof the calculationspresentedhere, the pa,'ametersto be made that ca.,._,_tbe performed

flow blockagedue to the fuel injectiontube is not experimentally
represented.To examinewhat effectthisblockage The final sprayparameter to be considered is
might have on fuel/air mixing,an analysis of the the spray cone angle (Fig. 7). As might be ex-
baseline configurationwith the fuel injectiontube pected,increasingtheconeangle improvesthede-
included has been performed to allow a side-by- gree of fuel/airuniformity.
side comparisonto be made (Fig. 3). While the
axialvelocityfield immediatelybehindthe injection Air Inflow
tube is stronglydisturbed,there is littleeffectonthe
fuelspraypatternand, consequently,relativelylittle Turning to modificationsof the air inflow, the
effect on the fuel/air distribution.While there is first set of analyses examines the addition of a
someenhancedmixinginthathalf of themixertube venturieffect(Fig.8). Inthisseries,thethroatof the
downstreamof the injectiontube, there is insuffi- venturi is at the same axial station as the fuel
cientfuel inthat regionto stronglyeffectthe overall injection.The levelof constrictionis defined as the
fuel/air distribution, minimum to maximumtube radius ratio. Three

ratios, from 0.5 to 0.75, have been consideredto
Fuel Droplets and Sprays date. As anticipated, increasingthe throat con-

strictionsubstantiallyincreasesthe fuel/airuniform-
Inthe next seriesof analyses,the fuel injection ity at the exit plane of the mixer tube. However,

angle is varied from the baseline's 150to 90°, i.e., aerodynamicchokingatthe throatlimitsthe degree
•. from roughlyperpendicularto the inletair flow to of constrictionpermissible.Inthe presentstudy,the

parallel to that flow (Fig. 4). Initially,there is rel- 05 radius ratio chokes the flow at the ventun
atively little change, until the angle increasesto throat.
where the spray impingementon the mixer tube Inlet air swirl is another means of improving
wall is removed.As the angle increasesfromthat fuel/air mixing.Swirlangles from 30° to 60° have
point, there is substantialimprovementin overall been consideredsnth=sstudy(F_g.9), w=ththe Des_
mixtureuniformity.The star-shaped patterninthe mixingfound at highestangle.
exitplane fuel/airratioat 90° (Fig. 4B) resultsfrom In practice,swirland ventun effects are often
the dilutionhole inflow, combined•Unfortunately,the basehneconditions_n

Asimilarimprovementin uniformityis obtained the present study have made this combination
by reducingthe fuel injectionvelocity(Fig.5).Curl- somewhatdifficultto evaluate, sinceeven modest
ously,increasingthe injectionvelocityalsoreduces amounts of swirl combined with the flow accel-

-. the maximumexit planefuel/airratio.However, the eration from the flow constrictionof the ventun
minimum fuel/air ratio in this case is reduced far leads to choked flow. In fact, only the most
more, indicatingthat overall non-uniformityat the moderate combinationsof the parameter values
higher injectionvelocityis stillincreased.The de- already considered in the present study avo,d
crease inthe max=mumfuel/a_rratiomaybea result choking(Fig 10). However,this case doesdemon-
of the higherinjectionvelocitydisplacingthe spray strate that the combination of swirl w=th flow
cone outward such that the mtxer tube wall cuts constrichoncan improvemixing more than either
acrossa broadersectionof thecone. alone.

•l . ' • =. ,' • o_ :; ' _ .7' , ;;_.m.,,w_,_t.,,_1_._.,=_,,_ L!

1996114447-TSA06



Dilution Holes evenpoorerthanthe exit planeplotindicates,since
a small number of droplets are leaving the tube

It has been found that relocatingthe dilution withoutvaponzingThus, thereisa smallamountof
holes from the mixer tube exit to the axial station fuel unaccountedfor =nthe fuel/air ratio calcula-
wherethe fuel injectionoccurshasalmostthesame tions,since 'hey onlyconsidervaporizedfuel.
effect as an equivalent.... turi tube configuration
(Fig. 11). Byexaminin_' disturbancetothe mean Mixer Tube Diameter
flow created by the d,lutionholes, it is found that
they representa 20% reductioninflowarea, orthe In consideringchangesinmixertubediameter,
equivalentof a 0.9 radius ratioventuritube. Map- the effecton the mass flow rate of air enteringthe
pingtheir effecton the exit plane fuel/air ratiosat tubehasto be taken intoaccount.Twoapproaches
this equivalent radius ratio on the venturi tube are considered here. In the first, the flow rate is
graph showsthat theireffect is almostidenticalto held constantby reducingin the velocityof the air
whatcouldbe expectedforthe correspondingyen- enteringthe tube(Fig. 15). In the second,the inlet
turitube configuration, velocityis heldconstant,leadingto an increase in

Removing the dilution holes altogether also the air massflowwhichis balancedby increasing
affects the degree of mixinguniformity(Fig. 12). the fuel mass flow rate to holdthe overallfuel/air
First,to maintainthe overallfuel/airratio,the inflow ratio constant(Fig. 16). In bothcases, increasing
velocityat the base of the mixer tube mustbe in- mixertubediameterincreasesnon-uniformity.
creased, leadingto a sligl',_reductionin the degree As decreasingflow velocitiespromote flash-
of penetrationofthe fuel sprayand a smallincrease back, the calculations involvingmixer tubes of
inthe downstreamdistancethroughwhichthe fuel increasingdiameter,butfixedmass flow, has been
droplets are convected before vaporizing.These extended to include combustion (Fig. 17). Ex-
same effectswouldresultif the fuel injectionveloc- ceptingthe baselinecase,all showsome evidence
itywereto bereduced.Basedon the effect thatre- of flashback,but the flashbackis limitedto a small
ducingfuel injectionvelocityhas onmixing(Fig. 5), region downstreamof the two dilutionholes on
this increaseintheair velocitycouldbeexpectedto eithersideof the fuelinjectionplane.It appearsthat
improvethe fuel/air distributionat the mixer tube the adversepressuregradientimmediatelydown-
exit, but the exit planevalues show that mixingis stream of these holesleads to a reverseflow that
actually slightlypoorerwithoutthe dilutionholes, drawstheflame frontbackintothe mixer tube.The
The directmixingeffect thatthe dilutionholespro- poor fuel/air distnbutionwithinthe tube probably
vide outweighsthe siight lossesdue to the con- explainswhy no flashbackis observedaroundthe
sequently lowerair inletvelocityat the mixertube otherdilutionholes;there is simplyinsufficientfuel
entrance, to supportcombustionaroundthem.

There is also a periodiccharacter to the ob-
Multiple Fuel Nozzles served flashbackphenomenon(Fig. 18)Although

the exact mechanismis not yet clear, a potential
Increasingtile numberof fuel injectionnozzles explanation can be proposed:When the flame

substantiallyimprovesthe fuel/airdistributionat the entersthe tube, it heatsa pocketof gas withinthe
exit of the mixer tube (Fig. 13). An additionalcase tube,causingtheflowinthetubetoaccelerate.The
showsthat staggenngthe nozzles, inthis instance faster flow then drivesthe flame back out of the
byan inch,does notappreciablyaffect the degree tube. The flow withinthe tube then deceleratesto
of uniformityat the exitplane.The slightincreasein the pointwherethe flame can re-enter,beginning
non-uniformityis likelydue to the downstreamdis- the cycle again The dilutionholes, in addition to
placementof the secondnozzle, providingthe psth for the flame to enter the tube,

alsostopit fromproceedmgfurther intothe tube
Mixer Tube Length Effects

Conclusions
Reducingthe mixertube lengthmovesthe fuel

injectionpointcloserto the tube exit, consequently A seriesof calculationshave been performed
leaving less distance for fuel/air mixingto be per- which quantify the effects of a number of para-
formed. Calculationsin this series show the de- meterson the degreeof fuel/air mixinguniformwty
creasinguniformityas the mixertube is shortened achievedina genericLPP combustor,The biggest
(Fig. 14). The resultsforthe 50% baselinecaseare gains in uniform=tyare achievedthrougha combina-

' ....... ...... 1996114447-TSA07
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PREVAPORIZATIONANDPREMIXINGZONE COMBUSTIONZONE

A. Schematic Diagram,
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B, Dimensionsfor BaselineCase.

Figure 1. Generic LPPCombustor,
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A. J-Plane.

B. K-Plane without Fuel Tube. C. K-Plane with Fuel Tube. D. Fuel/Air Ratio Patterns.

Figure 2. Grid CharacteristicsforKIVA-IIAnalysesof Generic LPP Combustor,
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Figure 11. Coplanar Injection/Dilution Effects,
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Figure 12, Baseline Cases with and without Dilution Holes.
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Figure 13. Multiple Fuel Nozzle Effects.
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Figure 14 Mixer Tube Length Effects,
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Figure15. MixerTubeDiameterEffects(r_air .=constant).

MIXER TUBE DIAMETER = 0.5 in (BASELINE) _-

_=

Id.

u_

MIXERTUBEDIAMETER= 0.75in(150%BASELINE) _ o lO
I,--
R
_J

i- = • _-
AV3

001 I. I ,I
so 1oo 1so 200 .)5o

MIXERTUBEDIAMETER=1.00in (200%BASELINE) MIXERTUBEDIAMETER(%BASELINE)

o 1o0 1oI Ioa I0_ 1o4 Ios o Io-s to-'4 _o-s 7o-2 10-I 7oc

A.FuelDropletPopulation. B.ExitPlaneFuel/AirRatio.

Figure16. MixerTube DiameterEffects(Vair = constant).
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Figure 17. Mixer Tube Diameter Effects (r_air = constant): Combustion Results.
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Figure18. Flashbackin200% BaselineRadiusMixerTube (r_air = constant).
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